The neurotransmitter 5-HT alters growth cone motility and neurite elongation in neuron 919, isolated from the buccal ganglion of Helisoma trivolvis (Haydon et al., 1984) . The effects of 5-HT are mediated by increases in intracellular calcium levels within the growth cones (Cohan et al., 1987) . 5HT causes a receptor-mediated depolarization of the membrane, which results in the opening of voltage-sensitive calcium channels.
The resulting calcium influx decreases both the elongation rate and the total outgrowth of neurites. However, the mechanism(s) mediating these calcium-dependent changes is unclear. As many of the intracellular effects of calcium in eukaryotic cells are mediated by the calcium-binding protein calmodulin, we tested the involvement of such an interaction in the regulation of neurite outgrowth. In these experiments, a new, potent calmodulin antagonist with increased selectivity, CGS 93439 (CGS; Norman et al., 1987) , was used to inhibit calmodulin activity during the application of 5-HT to neuron 919. The addition of 100 PM 5-HT to the culture medium resulted in a significant decrease in the rate of neurite elongation and total neurite outgrowth.
Administration of CGS to the culture medium at a concentration (1.8 PM) equivalent to its IC,, for calmodulin inhibition completely blocked the inhibitory effects of 100 @I 5-HT, on both neurite elongation and total neurite outgrowth.
CGS alone caused a slight decrease in elongation rate but had no significant effect on total outgrowth. CGS did not block 5-HT-induced electrical activity, indicating that it was not acting as a 5-HT receptor antagonist. Furthermore, measurements of calcium currents obtained from whole-cell patch-clamp recordings demonstrated that CGS did not block membrane calcium channels at concentrations that suppress the effects of 5-HT on neurite outgrowth.
These observations suggest that calmodulin mediates some of the effects of increased calcium on neurite elongation and growth cone movements.
Accumulating evidence indicates that neurotransmitters such as ACh, dopamine, and 5-HT play an important role in regulating neuronal growth by acting on specific subsets of neurons to influence both neurite elongation and growth cone movements (Haydon et al., 1984; Pearce et al., 1987; Lankford et al., 1988; Mattson, 1988; Patterson, 1988; Lipton and Kater, 1989) . One system, which has been studied extensively, is the buccal ganglion of the snail Helisoma trivolvis. In Helisoma, 5-HT selectively inhibits outgrowth of neuron B 19, but has no effect on neuron BS (Haydon et al., 1984) . Changes in outgrowth are accompanied by morphological changes in growth cones, including loss of filopodia and retraction of lamellipodia. Similarly, dopamine suppresses outgrowth of B 19 while having no effect on B4 or B5 (McCobb et al., 1985 (McCobb et al., , 1988b . Experimental evidence also indicates that neurotransmitters can act locally on growth cones to produce these effects. Isolated growth cones continue to respond selectively to the application of a given transmitter in the same manner as growth cones from intact cells (Haydon et al., 1984; . In the case of 5-HT, the changes in morphology and outgrowth are initially triggered by 5-HT-induced alterations in membrane potential. 5-HT depolarizes neuron B19, thereby causing an increase in electrical activity. On the other hand, 5-HT has a small inhibitory effect on B5 membrane potential. This difference presumably accounts for the selectivity of effects of 5-HT in modifying outgrowth of B19 compared with B5. The depolarization by 5-HT is a necessary step for the subsequent effects on outgrowth, as shown by 2 types of experiments. First, application of ACh, which acts as an inhibitory transmitter, and 5-HT simultaneously to B 19 eliminates the excitatory effect of 5-HT on membrane potential and blocks the changes in outgrowth (McCobb and Kater, 1986; McCobb et al., 1988a) . Second, when the depolarizing effects of 5-HT on B 19 are blocked directly by a microelectrode-delivered hyperpolarizing current in the soma, the effects of 5-HT on outgrowth are also blocked (McCobb and Kater, 1988) .
The mechanism whereby membrane depolarization induced by 5-HT causes decreased growth has been linked to an increase in cytoplasmic free Ca2+ levels within growth cones (Cohan et al., 1987; . Ca*+ influx occurs through the opening of voltage-sensitive Ca2+ channels in the cell in response to the membrane depolarization. Ca2+ levels, measured with the dye fura-2, have been shown to increase only in those growth cones where outgrowth is blocked by 5-HT (Cohan et al., 1987) . The cessation of neurite outgrowth can be mimicked of Neuroscience. February 1991, 1 I(2) 535 with the addition of ionophores such as A23 187, which directly increase Ca*+ levels in cells. Furthermore, the presence of Ca*+ channel blockers or reduced extracellular Ca*+ restores neurite elongation by blocking the effects of 5-HT .
The molecular events that underlie the effects of Ca*' on outgrowth that resulted from the addition of 5-HT, without affecting either membrane depolarization or inward Cal' currents. These data suggest that CaM is involved in mediating the effects of increased CaZi on growth cone motility and neurite outgrowth. Ca'+ receptor in nonmuscle cells (Means et al., 1982; Manalan and Klee, 1984) . CaM regulates numerous cellular processes in eukaryotic cells through its Ca*+-dependent control of enzyme activity and protein interactions.
The Ca2+/ CaM complex has also been demonstrated to regulate the stability of microtubules (Marcum et al., 1978; Job et al., 1981 ) and binding of some of the microtubule-associated proteins (Sobue et al., 198 1) .
Effects of CaM in a variety of systems have been studied by the use of available CaM antagonists, including phenothiazines such as the trifluoperazine (TFP) and the naphthalenesulfonamide W-7 (Roufogalis, 1982) . These inhibitors have been used extensively to block Ca2+/CaM-regulated processes in cells under a variety of conditions. Use of both TFP and W-7 to probe the role of CaM in cellular processes is questionable, however, because of nonspecific effects of these compounds, the most significant of which is their ability to inhibit protein kinase C (PKC) activity at concentrations comparable to those required for CaM inhibition (Schatzman et al., 1981 (Schatzman et al., , 1983 . PKC is also activated by increased Ca*+ levels and functions as an alternate Ca2+-sensitive pathway in numerous cell systems. As CaM and PKC both have similar affinities for CaZ+ and are inhibited by CaM antagonists, it is often not possible to discern which molecule is crucial in mediating a particular cellular response. Some CaM antagonists function as potent antagonists for serotonergic, dopaminergic, muscarinic-cholinergic, or a-adrenergic receptors (Roufogalis, 1982) . In addition, both TFP and W-7 have been shown to affect voltage-regulated Ca2+ channels in a variety of systems (Bkaily et al., 1984; Clapham and Neher, 1984; Murawsky and Suszkiw, 1984; Greenberg et al., 1987; Doroshenko et al., 1988) . In all cases, the extracellular application of these compounds causes a significant, reversible decrease in the peak inward Ca2+ current. Thus, until now, nonspecific effects of the available CaM blockers have made them of doubtful utility when studying the role of CaM activity.
Recently, a new CaM antagonist, CGS 9343B (CGS), has been developed that is a potent and selective inhibitor ofCaM activity (Norman et al., 1987) . CGS is approximately 4 times more potent than TFP as a CaM antagonist and does not affect PKC activity at concentrations up to 100 FM (Norman et al.; . Furthermore, CGS shows only weak interaction with dopamine receptors. The specificity of CGS as a CaM antagonist makes it a useful tool in the investigation of CaM function in cell systems.
We examined the role of CaM in regulating the rate of neurite elongation and extent of neurite outgrowth in isolated B 19 neurons of Helisoma using CGS. We tested whether CaM mediated the effects of increased intracellular Ca*+ that were evoked by 5-HT application to cultured B19 neurons. CGS blocked both the decrease in elongation rate and the suppression of neurite
Materials and Methods
Snail maintenance. Adult specimens of the fresh-water pond snail Helisoma trivolvis were grown from inbred stocks reared in glass aquaria within the laboratory. Tanks were filled with artificial pond water (maintained at 25°C) that was continuously filtered, aerated, and cleaned at regular intervals. Animals were fed daily with trout chow (Purina), lettuce, and carrots. Lighting was maintained on a 12-hr light/dark cycle. CeNculture. Snails were removed from their shells and placed in sterile saline (pH, 7.4) with 25% Listerine to sterilize and anesthetize animals. The buccal ganglia were removed as previously described (Kater and Kaneko, 1972) . After dissection, the ganglia were treated at 22°C with 0.2% trypsin for 30 min, followed by 20 min in 0.2% trypsin inhibitor to facilitate the subsequent removal of individual, identified neurons (Cohan, 1990) . Following incubation in trypsin inhibitor, the connective tissue capsule that covers the ganglia was partially dissected using specially sharpened forceps and tungsten microneedles. After visual determination of the location of identified neurons, the neurons were removed individually via suction applied from a sterilized glass micropipette. The cells were plated into a poly-L-lysine (12,000 MW; 0.2% solution) coated dish containing 2 ml of defined medium (saltfree L-15 medium to which 40 mM NaCl, 1.7 mM KCI, 4.1 mM CaCI,, 1.5 mM MgCl,, and 10 mM HEPES, pH 7.4, were added to approximate the ionic composition of snail hemolymph; Gibco special order; Wong et al., 1981) .
The identified neuron B19 was used for all experiments. Cells used for determination of elongation rate and total outgrowth were cultured in L-15 that was enriched with conditioning factors from the brain of Helisoma (conditioned medium; Wong et al., 198 1) . Four brains were added to each 2 ml of defined medium and were incubated at room temperature for 3 d in a humidified chamber, after which the brains were removed and neurons plated. Neurons in conditioned medium were cultured approximately 18 hr before use to allow the formation of growth cones. Cells used for patch-clamp analysis were plated into defined medium and used within a few hours of isolation, prior to the onset of neurite extension.
Neuronal elongation rates and neurite outgrowth measurements. Isolated, identified B 19 neurons were used to examine the effects of various compounds on neurite elongation rates and total neurite outgrowth. The rate of neurite elongation of B 19 was monitored over a 2-hr period after approximately 18 hr in culture. Quantitative measurements of neurite elongation were obtained from time-lapse photographs as described ureviouslv (Cohan. 1990 ). The first 45 min of each 2-hr observation period is-defined as the baseline period for each growth cone during which neurite elongation was measured for comparison to subsequent treatments. After this period, rates were measured in the presence or absence of 5-HT. When the effect of CGS was studied, it was present during the entire 2-hr observation period. Only growth cones that displayed normal morphology (broad, flat, phase-dark structures with lamellipodia and tilopodia), exhibited steady rates of growth during the baseline period (minimal rate of 8.5 rm/hr), and grew in a linear path during the 2-hr period were used. Approximately 30% of the growth cones on a given neuron fulfilled these criteria.
Neurite outgrowth for a given cell was quantified as the average radial distance from the neurite tips to the soma. Twelve radial measurements were averaged from 6 evenly spaced sectors encompassing the soma and net&es. The extent of outgrowth is defined as the change in neurite outgrowth achieved 24 hr after the 2-hr observation period and is expressed as a percentage of the outgrowth from control (untreated) neurons over the same 24-hr period. Neurites of control B 19 neurons completed their outgrowth within 48 hr after plating.
Measurement of electrical activity of neurons. Electrical activity of cultured B19 neurons was measured by extracellular patch recordings from the soma in the cell-attached configuration. This method is less invasive than intracellular microelectrode recordings, which frequently alter spontaneous activity in these neurons (McCobb et al., 1988a) . Patch pipettes were pulled on a micropipette puller @utter P-30) from 1.65-mm outer diameter Boralex (Dynalab) thin-walled glass. Tips were approximately 4-5 pm in diameter with an average bath resistance of l-2 MQ. Pipette tips were fire polished on a microforge (Natishige) and filled with defined medium. Seal resistances of 100 MR or greater were obtained for each recording. Control experiments were first performed to determine the accuracy of the cell-attached patch technique in assaying spontaneous electrical activity of B 19 neurons. Electrical activity of B19 cell bodies was simultaneously monitored by cell-attached patch electrodes and intracellular microelectrodes. In every case, an action potential recorded with the microelectrode also produced an easily observed extracellular potential from the patch pipette in voltage-clamp mode. One pipette was used for 3-6 neurons. Each neuron was monitored for 3 min prior to any treatment in order to determine resting activity. After each control measurement, the dish was treated with CGS, 5-HT, or both. Equilibration times were 30 min for CGS and 10 min for 5-HT prior to recording. In dishes where both CGS and 5-HT were added, 5-HT was added 30 min after the CGS, and recordings were taken 10 min later to mimic the protocol used in studies on neurite outgrowth.
Patch-clamp analysis. Tight-seal whole-cell recordings were made from the somata of spherical B 19 neurons that were used within several hours after they were isolated into culture and, hence, did not exhibit any outgrowth. This ensured that an effective space clamp could be achieved. Neurons were visualized at 200x magnification on an inverted microscope (Nikon) placed on a vibration-free table (Newport). Currents were measured with a patch-clamp amplifier (Dagan) that was under computer control (Indec). All experiments were carried out at room temperature (18-22°C).
Patch pipettes were made as described above. Pipettes had an average bath resistance of 1-3 MB when filled with patch solution and were not fire polished. The pipette potential was adjusted to give 0 current between the pipette and bath solution immediately before patching onto cells. This ensured that no current was applied to the cell during the patching process. Gentle suction applied to membrane patches resulted in seal resistances of > 1 GQ in about 80% of the trials. After forming the seal, compensation for electrode capacitance was made over 2 different ranges of time constants (fast and medium) using independent circuitry for each range. Next, a brief, more intense suction was applied to break through the cell membrane without disrupting the seal. Access to the cell interior was signaled by the sudden appearance of the wholecell capacitance transient during continuously applied test pulses. Series resistance was compensated electronically and ranged from 1 to 3 MB for most experiments. Membrane current was allowed to stabilize for a few minutes prior to the start of the solution-changing protocol.
Voltage-clamp protocol and analysis of ionic currents were controlled by computer using software designed in the laboratory with Cells were held at -60 mV and stepped in IO-mV increments to +50 mV using a series of command voltage pulses generated by an LSI 1 I/ 23+ computer. Pulses were 200 msec in duration and spaced 2 set apart, to ensure that currents from successive pulses did not interact. Current measurements were digitized (sampling frequency, 5 kHz) and stored for subsequent off-line analysis. Leakage current and cell capacitance were subtracted from current records using digitally scaled, lomV hyperpolarizing command pulses (average of 16 traces) given at the beginning of each command-pulse series.
Ca2+ currents were measured under conditions that blocked sodium and potassium currents. Inward sodium currents were eliminated by the use of sodium-free medium (salt-free L-15 medium and the following salts: 0 mM NaCl, 4.1 rnr.4 CaCl,, 1.5 mM MgCl,, 1.7 mM KCI, and 10 rnM HEPES. adiusted to uH 7.4 with HCI: Havdon and Man-SonHing, 1988) in all experiments. Potassium-channel-blocking agents, 30 mM tetraethylammonium chloride (TEA) and 10 mM 4-aminopyridine (4-AP), were added to the bathing medium, and Cs+ ions were present in the pipette solution in order to block outward potassium currents. The pipette solution contained 35 mM CsCl, 5 mM MgCl,, 5 rnt+r EGTA, and 5 mM HEPES. adiusted to DH 7.4 with CsOH (Havdon and ManSon-Hing, 1988). 'The magnesium salt of adenosine iriphosphate (5 mM) and the sodium salt of guanosine triphosphate (I mM) were added to the intracellular patch solution just prior to each patching session to slow any potential rundown of Ca*+ currents. In experiments using Ca2+ channel blockers, addition of Co*+ (5 mM) to the culture medium required readjustment of the pH.
Solutions were changed by whole-bath perfusion. Solution changes were usually complete within 2-4 min. The dish volume was changed 3 times for each test solution to eliminate residue from previous treatments. This volume was sufficient to reverse the effects of test solutions.
For patch-clamp analysis, CGS was prepared in sodium-free defined medium.
Myosin light chain kinase (MLCK) assay. CGS and other drugs were tested as calmodulin inhibitors bv their abilitv to inhibit CaM activation of smooth muscle MLCK. Myosin light chain (LC,,) and MLCK were purified from chicken smooth muscle (Edelman et al., 1990) . MLCK (0.05 &ml) and LC,, (30 PM) were incubated at 25°C in an assay volume of 40 ~1 with a solution containing 50 mM Tris buffer (pH, 7.6), 0.5 mM dithiothreitol (DTT), 10 rnt+r MgCl,, 0.5 mg/ml BSA, 0.5 mM CaCl,, and 0.4 mM (T-'~P)ATP (1.6-5.1 x lo6 cpm; New England Nuclear/ DuPont). The concentration of CaM in the assay was approximately equal to its K,,, for activation of MLCK. CaM was supplied as that endogenously present in the LC,, preparation. The phosphorylation reactions were stopped at 7 and 14 min by pipetting 15-111 aliquots of the reaction mixtures onto 3MM (Whatman) filter paper squares and placing these in a 10% ice-cold trichloraceticacid (TCA) wash. Following a 15-min wash in the cold TCA, 3 subsequent wshes were done: 1 in 10% TCA at room temperature (30 min) and 2 in 5% TCA at room temperature for 15 min each. The squares were then rinsed in 95% ethanol, dried, and subjected to liquid scintillation spectrometry. Results, expressed as moles of 32P incorporated per mole of LC,, plotted as a function of drug concentration, were used to determine IC,, values for CGS and TFP.
Preparation ofCaM antagonists. CGS was synthesized and analyzed as described previously (Norman et al., 1987) . CGS was found to be less soluble in the physiological media used for measuring neuronal growth and ionic currents than in the MLCK assay. For this reason, a standard curve of the concentration-dependent inhibition of MLCK by CGS was constructed. Concentrations of CGS in stock solutions in media were quantitated after removal of insoluble material using this standard curve. Stock solutions of TFP and W-7 were made in distilled water and 95% ethanol, respectively.
Statistical analysis. Where appropriate, data are given as the mean f SEM. Statistical analysis was performed using the Student's t test for matched or unmatched samples, as appropriate.
Results

Effect of CGS on 5-HT-induced suppression of neurite outgrowth
Actively growing B19 neurons were studied to determine the effects of 5-HT and CGS on growth cone movements and neurite outgrowth.
As shown in Figure 1 , the addition of 100 PM 5-HT to isolated B 19 neurons caused a dramatic decrease in the rate of neurite elongation compared to the baseline period. In contrast, pretreatment with CGS (1.8 FM) completely blocked the 5-HT-induced suppression ofneut-ite elongation. In the presence of CGS and 5-HT, the rate of elongation was not significantly different from CGS-alone-treated baseline rates. The ability of CGS to block the suppression of neurite elongation induced by S-HT was dose dependent over a CGS concentration range of0.09-3.6 PM (Fig. 2) . This effect was maximal at 1.8 WM and half-maximal at approximately 1.4 PM. In the presence of 5-HT, 1.8 PM CGS produced a small (-30%) but significant increase in elongation rate relative to the baseline period, though this was not observed at 3.6 I.LM CGS. CGS alone (0.9-l .8 PM) caused a small (25-30%) but significant @ < 0.005) decrease in elongation rate compared to the untreated baseline period. The concentration of CGS required to block 5-HT effects on neurite outgrowth was similar to that required to block CaM activation ofthe CaM-dependent enzymes MLCK (Table 1 ) and phosphodiesterase (Norman et al., 1987) . The decreased elongation rates in the presence of 5-HT were accompanied by morphological changes in the growth cone (Haydon et al., 1984) . Motile growth cones were normally Bat, broad, phase-dark structures. After the addition of 100 WM 5-HT, they became narrow, club shaped, and phase bright, retracted their lamellipodia, and lost their filopodia (Fig. 3A,B CGS alone (0.9-l .8 PM) was applied to growing B 19 neurons in the absence of 5-HT, there was no change in the morphology of the growth cone (not shown), though elongation rates decreased slightly compared to the baseline period, as mentioned above. Pretreatment with 1.8 PM CGS prevented the morphological changes induced by 5-HT (Fig. 3C,D) . In the presence of both CGS and 5-HT, growth cones retained their broad lamellipodia and numerous filopodia. A small percentage (30%) of growth cones exhibited some change in morphology under these conditions; however, these changes were never as pronounced as those that occurred with 5-HT alone. Lower concentrations of CGS (0.09-0.9 PM), which only slightly blocked the 5-HT effects on neurite outgrowth, did not reverse 5-HTinduced changes in growth cone morphology. In the presence of 5-HT, the highest-tested concentration of CGS (3.6 PM) was also associated with some change in morphology, including loss of some filopodia and partial retraction of lamellipodia in about 57% of the growth cones (not shown).
1
In addition to the effects on neurite elongation rates and growth cone morphology, we tested the effects of 5-HT and CGS on the extent of neurite outgrowth. The extent of neurite outgrowth was measured as the change in the maximal extent of neurite length 24 hr after the addition of 5-HT. Neurite outgrowth measured on 11 untreated control neurons was 234 ? 25.4 pm and defined as 100% outgrowth. The application of 0.9-l .8 PM CGS alone had no effect on the extent ofoutgrowth, as compared with untreated control neurons (not shown). The application of 5-HT alone (100 PM) caused a 68.5% decrease in the extent of outgrowth (73.5 + 19.8 pm; N = 11; p < O.OOl), as shown in Figure 4A . However, when 1.8 FM CGS was present in the culture medium prior to the addition of 5-HT, the extent of outgrowth was not significantly different from untreated control outgrowth. The 5-HT-induced suppression of outgrowth was blocked by CGS in a dose-dependent fashion (Fig. 4B ). This effect was maximal at a CGS concentration of 1.8 PM. At this concentration, the extent of outgrowth was significantly increased (199 f 30.5 pm; N = 10; p < 0.001) relative to 5-HT alone and was not significantly different from the untreated controls. At a higher concentration of CGS (3.6 PM), there was a 45.4% decrease in the extent of outgrowth compared to untreated controls (N = 20; p < 0.001) and outgrowth was not significantly increased relative to 5-HT alone. This may indicate a potential nonspecific effect of CGS at higher concentrations (3.6 PM or above) during long-term applications, as this was not observed in shorter-duration studies of elongation rates (see Fig.  2 ). 1986). Previous investigations have shown that 5-HT causes its effects on neurite outgrowth by depolarizing B19, thereby increasing B 19 spike frequency (McCobb et al., 1988a) . As shown in Figure 5 , 5-HT (100 PM) caused an P-fold increase in the electrical activity of B19 neurons 0, < 0.001). When 5-HT was applied in the presence of 1.8 PM CGS, there was also a large (5-fold) increase in electrical activity (p < 0.001). The application of 1.8 I.LM CGS alone had no significant effect on electrical activity of B19 neurons (70.5 + 20.6 spikes/min for controls vs. 50 -I 19.6 spikes/min for CGS-treated cells; N = 6). These results indicate that 5-HT depolarizes B 19 neurons in either the presence or the absence of CGS.
Efects of CaM antagonists on Caz+ currents
Ca2+ currents were measured in cultured B19 neurons, within 2 hr of isolation, to determine whether CGS had any direct effects on Ca2+ entry across the neuronal membrane. Other CaM inhibitors (W-7, TFP) have been shown to antagonize membrane Ca*+ currents in other systems, in addition to their CaM inhibitory activity (Doroshenko et al., 1988; safayhi et al., 1989) . The acutely isolated somata of B 19 were voltage clamped before any outgrowth had begun, to ensure adequate voltage control of the cell. Inward currents were activated at -30 to -20 mV, reached peak values at around +20 mV, and reversed at +40 to + 60 mV. These reversal potentials span the range of reversals for Ca*+ currents in a variety of vertebrate and invertebrate neuronal preparations. Two types of C'a*+ currents have been characterized in Helisoma neurons: the low-voltage-activated (LVA) and high-voltage-activated (HVA) currents (Haydon and Man-Son-Hing, 1988) . LVA currents were observed in approximately 30% of the cells tested. LVA current was activated during depolarizing commands to -50 mV and -40 mV from a significant (p < 0.00 l), reversible block of inward current within 5 min of application (not shown).
We then tested the effects of TFP and W-7 on CaZ+ currents. TFP at a concentration (35 FM) similar to its IC,, for CaM inhibition (Table 1) reversibly reduced inward Cal+ currents by about 57% (p < 0.001) within 5 min of application (Fig. 7AJ) . Both LVA and HVA currents were reduced by TFP. Upon removal of TFP, currents recovered to control levels within 15-20 min. Similar effects were observed with 100 FM W-7 (not shown). Thus, these nonselective CaM antagonists also function as CaZ+ channel antagonists in Helisoma neuron B 19.
By contrast, CGS produced no significant decreases in Ca'+ current over the 20-min period of study (Fig. 8) . Records of CaZ+ current are shown for 1.8 FM CGS, the concentration that produced maximal block of 5-HT-induced effects on neurite elongation rates, extent of outgrowth, and growth cone morphology. In B 19 cell bodies that exhibited an LVA current, the magnitude of neither the LVA nor the HVA current was significantly affected by CGS. A quantitative comparison of the effects of CaM blockers on Ca*+ currents in voltage-clamped B 19 neurons is shown in Figure 9 . Currents are expressed as a percentage of the control current record taken prior to treatment of each cell. Decreases in current occurred within 10 min of application of TFP, W-7, and Cd2+, but were not observed over 20 min ofexposure to 0.9-3.6 FM CGS. Our results demonstrate that CGS does not act as a Ca2+ channel antagonist in B19 at concentrations that block CaM activity (Table 1) and CaZ+-dependent 5-HT effects on neuronal outgrowth and morphology (Figs. l-5 ).
Discussion
The rate and extent of neurite outgrowth are now known to be responsive to a variety of stimuli, including neurotransmitters and electrical activity (Haydon et al., 1984) . Accumulated evidence suggests that these effects are mediated intracellularly by Ca2+. We utilized the potent, selective CaM inhibitor CGS 9343B (Norman et al., 1987) to investigate the possible mediation by CaM ofCaz+-induced changes in neurite outgrowth. Our findings show that CGS blocked the 5-HT-induced suppression of both rate and total extent of net&e outgrowth, as well as the attendant morphological changes. The effects of CGS were dose dependent and occurred in a concentration range (0.9-3.6 PM) similar to its ability to inhibit CaM activation of CaM-dependent enzymes (IC, , , .
The application of CGS alone to B 19 neurons caused a slight decrease in the rate of neurite elongation. Perhaps CGS itself has a small inhibitory effect on neurite elongation. However, this effect may be transient, as there was no difference in the extent of net&e outgrowth of neurons treated with CGS alone compared to untreated controls. These small (presumably nonspecific) effects of CGS on growth rate suggest that CaM may play a role in the mechanism of transmitter-induced suppression of neutite outgrowth rather than in the more general process of neurite outgrowth per se.
CGS not only suppressed the effects of 5-HT on net&e elongation, but it also resulted in an enhanced rate of outgrowth at a concentration of 1.8 KM (Fig. 2) . This increased rate of growth suggests that neurite elongation can be upregulated as well as downregulated by appropriate stimuli. Enhanced rates of outgrowth have also been observed in response to electrical stimulation of Helisoma neurons. Stimulation of action potentials in outgrowing B4 neurons at specific frequencies results in a poststimulation enhancement of growth cone movement (Cohan, 1990 ). However, the stimulation frequencies that enhanced growth rates of B4 did not result in a significant increase in growth rates of B 19. The present experiments indicate that both enhancement as well as depression of growth rate may be a general property of growth cones that can occur under appropriate conditions. We considered 2 alternative explanations for the mechanism of CGS action. Reversal of 5-HT-induced suppression of neurite outgrowth would also occur if CGS was acting as a 5-HT receptor antagonist. The ability of 5-HT to depolarize B 19 neurons was not blocked by the presence of CGS in the medium (Fig. 5) indicating that CGS was not acting as a 5-HT receptor antagonist.
A second alternative would be if CGS was acting as a Ca2+ channel antagonist. Previously studied CaM antagonists, such as W-7 and TFP, have been shown to block voltage-sensitive Cal' channels in snail neurons (Doroshenko et al., 1988) embryonic chick heart cells (Bkaily et al., 1984) , bovine chromaffin cells (Clapham and Neher, 1984) , rat insulinoma cells (Safayhi et al., 1989) and Paramecium (Hennessey and Kung, 1984) . However, unlike W-7 and TFP, CGS did not after CaZ+ currents in neuron B19, even at concentrations greater than those required to block the effects of 5-HT on neurite outgrowth . The application of CGS to the culture medium, at concentrations up to 3.6 WM, did not reduce either LVA or HVA Ca'+ currents over the 20-min observation period. The lack of effect of CGS on Ca2+ currents may be cell-type specific, as it was reported that CGS blocked Ca2+ changes induced by alanine or potassium depolarization in rat insulinoma cells, measured using Quin-2 (Safayhi et al., 1989) . Therefore, because CGS does not block either the 5-HT receptor or voltage-sensitive Ca2+ channels in B19, its ability to reverse the effects of 5-HT may be due directly to its antagonism of CaM activity.
and phosphorylates a variety of neuronal cytoskeletal proteins, including LY and @ tubulin (Goldenring et al., 1983; Yamamoto et al., 1985) , MAP-2 (Yamauchi and Fujisawa, 1982; Schulman, 1984) , and synapsin I (Kennedy and Greengard, 198 1) . In addition, phosphorylation of MAP-2 by CaM kinase II causes a decrease in the rate of microtubule assembly and also promotes microtubule disassembly (Yamamoto et al., 1983; Yamauchi and Fujisawa, 1983) . Furthermore, phosphorylation of MAP-2 by CaM kinase II inhibits the actin filament cross-linking activity of MAP-2 (Yamauchi and Fujisawa, 1988) . These interactions may also be important in mediating the effects of Ca'+ changes on neurite outgrowth. Because the structural basis of motility in many cells must involve the cytoskeleton, the Ca'+/ CaM complex could also regulate neurite outgrowth and growth cone movements through the activation or deactivation of as yet unidentified regulatory structural proteins.
One possible mechanism whereby CaM may mediate Ca*+-dependent regulation of neurite elongation and growth cone motility is through the activation of specific regulatory enzymes within the growth cone. CaM is present in all eukaryotic cells that have been examined (Means et al., 1982; Manalan and Klee, 1984) , and both CaM and a series of high-affinity CaMbinding proteins are found in growth cones from the fetal rat brain (Hyman and Pfenninger, 1985) . CaM is known to confer Ca'+ sensitivity on numerous enzymes, including adenylate cyclase, cyclic nucleotide phosphodiesterase, Ca2+/Mg2+-ATPase, MLCK, and calcineurin, a protein phosphatase (Manalan and Klee, 1984) .
In addition to its lack of effects on mouse brain PKC, calf brain dopamine receptors (Norman et al., 1987) 5-HT receptors, and voltage-activated CaZ+ channels in Helisoma B19 neurons (Figs. 5, 8, 9) , CGS has been reported not to affect CAMP-dependent protein kinase activity, passive Ca*+ flux, and ATP-dependent Ca2+ uptake in rat liver epithelial cells (Hill et al., 1988) . However, it is still conceivable that CGS may interact with a non-CaM protein involved in neurite outgrowth. Nevertheless, the selectivity, as well as the potency, of CaM inhibition by CGS, as evidenced by its ability to antagonize 5-HT effects on outgrowth without altering membrane depolarization or Ca*+ currents, suggest that CaM is involved in mediating some of the effects of increased CaZ+ on growth cone motility and neurite outgrowth in cultured B19 neurons. Figure   9 . Quantitation of changes in Ca2+ currents in acutely isolated B19 somata exposed to Cd'+, TFP, W-7, or CGS. All neurons were held at -60 mV and stepped to +20 mV by a command pulse. Control current measurements were taken for each neuron prior to treatment. Peak inward current after treatment is expressed as a percentage ofthe control peak inward current (mean +-SEM; N = 9-14 neurons at each concentration). Significance level compared to controls: *, p < 0.001.
